Cimex lectularius, comprises a six-component blend of dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS), (E)-2-hexenal, (E)-2-octenal, 2-hexanone and histamine. Here we tested the hypothesis that bed bugs biosynthesize some pheromone components from amino acid precursors in human blood, namely DMDS and DMTS from L-methionine and histamine from histidine. We tested this hypothesis by (i) allowing bed bugs to feed on and metabolize sheep blood enriched with 13 C-labelled histidine or 2 H-labelled methionine, (ii) extracting bed bug feces (a source of the aggregation pheromone), and (iii) analyzing feces extracts by GC-MS, HPLC-MS and NMR. The analyses revealed that bed bugs converted 2 H-methionine to 2 H-DMDS and 2 H-DMTS, and 13 C-histidine to 13 C-histamine. There is not enough histidine in human blood to account for the amount of histamine that bed bugs produce and excrete with their feces, and only a small proportion of the available 13 D r a f t
Introduction
Over the last two decades, common bed bugs, Cimex lectularius (Hemiptera: Cimicidae), have become a global epidemic. 1 Bed bug infestations have multiple adverse effects on the human host, causing insomnia, paranoia, emotional distress, and diverse dermal reactions. [1] [2] [3] [4] Thus, rapid detection and eradication of bed bug infestations is paramount. As the aggregation pheromone of bed bugs could be used as an effective and affordable trap lure to detect bed bug infestations, intense research was undertaken to identify this pheromone. It comprises five volatile
octenal, 2-hexanone] which attract bed bugs to a harborage, and one less-volatile component (histamine) which causes their arrestment upon contact.
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The origin or biosynthesis of these pheromone components is still not known. It seemed plausible that bed bugs simply acquire histamine from the immunological response of fed-on human hosts. Yet, human blood withdrawn from bed bugs just after their blood meal contained no histamine. 5 It follows that bed bugs biosynthesize histamine and other pheromone components de novo, or that they convert biosynthetic precursors present in human blood into pheromone components. For example, the amino acids histidine and methionine are both present in human blood 6 and could serve as biosynthetic precursors for histamine as well as DMDS and DMTS, respectively.
Decarboxylation of histidine (via a histidine decarboxylase) has been shown in humans, 7 insects 8 and bacteria. 9 The metabolism of methionine has received less attention but there is evidence that the ant Paltothyreus tarsatus can produce its pheromone components DMDS and DMTS from radiolabelled methionine. 
Methods

Experimental insects
A colony of about 4,000 bed bugs was kept in the insectary of Simon Fraser University at a temperature of ~ 24 ºC, ambient relative humidity and a photoperiod of 14 h light to 10 h dark 5 .
About 150 bed bugs were confined in each of 27 50-mL jars fitted with both a square of cardboard (2 × 2 cm) at the bottom and a strip of cardboard (2 × 4 cm) diagonally across the jar.
Bed bugs in each jar were allowed to feed every four weeks. For feeding, jars were covered with fine mesh, inverted and pressed against R.G.'s forearm so that the bed bugs could feed through the mesh.
Feeding of bed bugs on sheep blood enriched with 2 H-methionine or C 13 -histidine
To test whether bed bugs can biosynthesize DMDS and DMTS from methionine, and histamine from histidine, they were allowed to feed through an artificial membrane 12 In each replicate, 100 or 200 bed bugs were allowed to blood-feed for 2.5 h. To increase the amount of analyte in replicates 8 and 9, three separate groups of 200 bed bugs each were allowed to feed consecutively on the same blood source, for a total of 600 bed bugs per replicate. In each replicate, all bed bugs that had consumed at least some blood (Table 1 ) were transferred into a clean 100-mL vial (6.5 cm × 5.5 cm), lined with a filter paper disc (4 cm diam, Whatman #1) and fitted with another piece of filter paper (4 × 7 cm) folded 4 times. Bed bugs were kept in these jars for four weeks during which they digested the blood and defecated on the filter paper.
GC-MS, HPLC-MS and NMR analyses of feces-soiled filter paper
For analyses of the volatile pheromone components DMDS and DMTS, the methodology applied was similar to that previously described. 5 Briefly, feces-soiled filter paper was cut into 5 × 5 mm pieces and placed into a 20-mL headspace vial which was sealed with a 20-mm ( For analyses of the non-volatile pheromone component histamine, samples were also processed as previously reported. 5 Briefly, feces-soiled filter paper was cut into small pieces (5 × 5 cm) and extracted consecutively in hexanes, dichloromethane, acetonitrile and methanol (MeOH) using 5-10 mL of each organic solvent. The MeOH extract containing histamine was then concentrated to 600 µL, and a 20-µL aliquot was subjected to analysis by high-performance liquid chromatography-mass spectrometry (HPLC-MS). The remainder (580 µL) of the MeOH extract was evaporated to dryness and CD 3 OD was added for NMR analyses.
For HPLC-MS analyses of samples, an Agilent 1200 HPLC coupled to a Bruker MaXis Impact Ultra-High Resolution Tandem TOF (UHR-Oq-TOF) MS was equipped with an Agilent
Zorbax RX-Sil column (150 mm × 2.1 mm, 5 µm particle size). The column was set to 30 ºC and eluted with an isocratic flow (0.3 mL/min) of acetonitrile/water (60/40) containing 0.1% formic acid. For positive electrospray ionization mass spectrometry, the gas temperature and flow were set to 200 ºC and to 9 mL/min, respectively, the nebulizer was set to 2 bar, and the capillary voltage to 4000 V.
For NMR spectroscopic analyses, 180-µL aliquots of extract samples (methanol-D4;
Cambridge Isotope Laboratory) were added to a 3-mm (outer diameter) MATCH NMR tube. 13 C NMR spectra were acquired using a 10.5-µs, 90-degree pulse at 298 K with power-gated WALTZ16 composite pulse decoupling of 1H on a Bruker AVANCE II 600 spectrometer equipped with a Bruker 5-mm QNP cryoprobe operated at 150.92 MHz for was used to deconvolute the spectra using mixed Lorentzian-Gaussian peak shapes to accurately measure the peak areas because of the presence of other overlapping resonances close to the peaks of interest (Fig. 3-b) .
Results
When groups (n = 9) of bed bugs were offered to feed on sheep blood, or sheep blood enriched with either 2 H-methionine or methionine, or 13 C-histadine or histadine, 25-96% of insects ingested at least some blood ( In total ion chromatograms of fecal bed bug odorants, DMDS and DMTS eluted in two well resolved peaks at 5.4 and 9.4 min, respectively. When bed bugs had ingested sheep blood enriched with 2 H 3 -methionine, each of the two peaks contained both deuterated and protonated pheromone components. Earlier scans of the DMDS peak revealed mainly fragment ions indicative of 2 H-DMDS (m/z 97 and m/z 100: presence of 3 and 6 deuterium atoms, respectively), whereas later scans revealed mainly m/z 94 which is indicative of DMDS (Fig. 2) .
Similarly, earlier scans of the DMTS peak revealed mostly fragment ions of 2 H-DMTS (m/z 129 and m/z 132: presence of 3 and 6 deuterium atoms, respectively), whereas latter scans showed mostly m/z 126 (Fig. 2) , which is characteristic of DMTS. To express the relative abundance of When feces extracts of bed bugs that had fed 13 C 6 -histidine-enriched sheep blood were analyzed by HPLC-MS, two histamine peaks were detected which were separated by 0.1 min.
The first peak comprised protonated (charged) 13 To test by NMR spectroscopy for the presence of 13 C-histamine in feces extracts of bed bugs, a 13 C{ 1 H} reference spectrum of histamine in CD 3 OD was acquired ( Fig. 3-a) , and the 1 J C-C scalar coupling (34.6 Hz) was measured from the natural abundance of 13 C-histidine present at natural abundance) for the signal intensity enhancement of 13 C-histidine introduced by the isotopic enrichment, permitting the actual molar ratio to be determined. Using the ratio of these corrected peak areas, the percentage of 13 C-histamine originating from 13 C-histidine was found to be 3.3%, in close agreement with the percentage(s) measured by HPLC-MS (see above).
Discussion
Our GC-MS, HPLC-MS and NMR spectroscopic data together provide strong evidence that bed bugs can produce their volatile pheromone components DMDS and DMTS from methionine, as well as their non-volatile pheromone component histamine from histidine. The ability to produce histamine from histidine via a decarboxylase has previously been reported for diverse taxa including, but not limited to, humans, 7 locusts, 8 vinegar flies, 13 and bacteria. 9 Although not yet shown experimentally, it is conceivable that also bed bugs produce histamine via the histidine decarboxylase.
Both the ant Paltothyreus tarsatus 11, 12 and bed bugs this study can produce DMDS and DMTS from labelled methionine, but the exact biosynthetic pathway remains unknown. In humans, D r a f t most methionine metabolism takes place in the liver, 14 but some methionine is fermented in the colon by microbes. Analogously, microbes dwelling in the digestive tract of bed bugs may contribute to sulfide pheromone biosynthesis. This possibility is supported by recent findings that gut bacteria mediate aggregations of German cockroaches. 15 The gut bacterial community of German cockroaches emits highly volatile carboxylic acids that, in turn, elicit the aggregation behavior of its insect host. Whether the microbial gut flora of bed bugs is capable of producing the bed bug pheromone components DMDS and DMTS is not yet known, but various microorganisms possess a methionine gamma lyase which degrades L-methionine directly to methanthiol which is then converted to DMDS and DMTS.
Although bed bugs can produce histamine from histidine, this amino acid conversion may, or may not, be the single or primary biosynthetic pathway. Generally, when 100 bed bugs metabolize 1 mL of human blood, they excrete about 30 µg of histamine with their feces (R.G., unpubl. data). Yet, 1 mL of human blood contains only 11 µg of the amino acid precursor histidine. 16 It follows that even if bed bugs were to decarboxylate all of the histidine in human blood to histamine, they would still produce histamine at an amount well below 30 µg. The same interpretation pertains to this study, because sheep blood contains only twice as much histidine as human blood. 17 Although the experimental sheep blood that bed bugs metabolized contained as much 13 C-histidine (25 µg/mL) as natural histidine, or even 10-times (250 µg/mL) more 13 Chistidine, the ratio of 13 C-histamine to Together, our data show that bed bugs can produce histamine from histidine. However, we cannot exclude the possibility that bed bugs produce histamine also though alternative biosynthetic pathways. Whether this possibility also applies to the biosyntheses of DMDS and DMTS from methionine is difficult to ascertain because absolute amounts of these highly volatile components are difficult to quantify in headspace analyses.
In conclusion, we have shown that bed bugs can produce DMDS, DMTS and histamine from amino acid precursors present in sheep and human blood. It is conceivable, however, that bed bugs produce histamine, and possibly also the two sulfides, primarily de novo. 
